Small-scale GaN-based LEDs with a single electrode pad enjoying such properties as low cost, low series resistance, high efficiency and high yield were fabricated on a sapphire substrate by a novel and simple method. The devices present not only lower series resistance but higher light output power due to a specific n-contact design and better current spreading properties. Furthermore, higher ESD resistance (> −800 V at machine-mode operation) was demonstrated. The single-pad electrode of small-scale GaN-based LEDs has a chip size of 180 × 180 µm 2 , and showed a lower forward voltage of 3.15 V and 53.4% output power enhancement at 20 mA.
Introduction
Recently, wide-bandgap GaN-based light-emitting diodes (LEDs) have attracted significant attention in many different applications [1] . These wide-bandgap GaN-based materials have been used to develop high-performance optical devices [2, 3] . The available substrate options for growing these wide-bandgap materials are GaN, SiC, ZnO and sapphire substrates. Among them, sapphire substrates have advantages such as low-cost and mature epitaxy technology properties. However, an epi-layer grown on a sapphire substrate will limit the flexibility of device processes and end up with a lateral conductive structure design due to the non-conductive sapphire substrate. The lateral structure will further limit device performances such as lower efficiency because most of the light emitting areas are covered by electrode pads which baffle the light output, especially in small chip size. In addition, the small chip normally has a lower electro-staticdischarge (ESD) resistance due to the serious current crowding effect. Finally, two bonding wires required for small LED chips limit the flexibility of a package. In order to solve these problems, a novel technology of laser lift-off (LLO) was proposed by Wong et al [4] [5] [6] [7] . This technique promotes GaNbased LEDs with high brightness, high efficiency, high current operation and thermal stability properties. However, this method has the following issues: high cost facility for a laser lift-off system, more fragile devices due to possible damage during the laser lift-off process, unstable yield, complex and high cost fabrication procedures, patent issues and difficulty in mass production. Kim et al have published a new method to fabricate vertical GaN-based SEVENS (sapphire-etched vertical-electrode nitride semiconductor) LED chips [8, 9] . The SEVENS LEDs were fabricated by wet etching from the backside of a sapphire substrate until the n-GaN contact layer was exposed. The SEVENS LEDs have several disadvantages in terms of device characteristics and fabrication procedures. The results of electrical properties were unsatisfactory due to the wet-etching depth and uniformity. It is very difficult to control the etching depth without a selective etching stop layer and the epi-layer could be damaged during the high-temperature etching process. Furthermore, to expose more n-contact area, there is a trade-off between strength of chip structure and n-GaN contact area due to the specific crystallographic angles of the sapphire substrate after wet etching. In this paper, a novel and simple chip design with a single electrode pad (SEP-LEDs) in GaN-based LEDs on a sapphire substrate was developed. Details of the electrical and optical characteristics of the novel SEP-LEDs will be reported.
Experiment
In this study, GaN-based LEDs were grown on 2 inch diameter c-plane (0 0 0 1) oriented sapphire substrates by using a lowpressure metal-organic chemical vapor deposition (MOCVD) system (Emcore D80). These LED structures (dominant wavelength at 470 nm) consisted of a 30 nm thick buffer layer, a 2 µm thick undoped GaN layer, a 3 µm thick Sidoped n-GaN layer, five periods of InGaN/GaN quantum-well active layer, a 0.2 µm thick Mg-doped p-AlGaN layer and an Mg-doped p + -GaN layer. In chip processing, the chip size was 180 × 180 µm 2 . The mesa size of 160 × 160 µm 2 was defined by standard photolithography and partially etched using an inductively coupled plasma (ICP) etcher to expose an n-GaN layer for electrode formation. Then, an indiumtin-oxide (ITO) film was deposited on the p-GaN layer as the transparent and p-conductive layer by an electron-beam (Ebeam) system in a 300
• C chamber. The textured ITO surface was fabricated using photolithographic and wet-etching HCl: H 2 O (5:1) solution to construct regular circular bowls of approximately 3-5 µm diameter and 2 µm space. The corresponding etching depth is around 60 nm to achieve a textured ITO surface for enhancing the light extraction [10, 11] . The edge of the device was then further dry etched to the sapphire substrate for n-contact connection. A SiO 2 (5000Å) film was deposited on the surface and sidewall by an e-beam for passivation. Finally, Ti/Al/Ni/Au (5 nm/ 200 nm/400 nm/800 nm) were deposited on the n-GaN contact layer and p-electrode pad (90 µm diameter) on the ITO film. The sample was then subjected to an alloy process at 250
• C in a N 2 furnace for 20 min. In this way, a highly reflective mirror was formed on the structure sidewall. Then, the processed LED wafer was subjected to the laser scribe and broken into chips with dimensions of 180 × 180 µm 2 . Then, these chips were separated by expanding facility and the chip space is 300 µm. The expanded chips were embedded in 1.5 µm thick photo resist and the schematic structure is shown in figure 1(a) . After chips were transferred to a Si wafer, an ITO film was deposited on the backside and the sidewall of the sapphire substrate for conductive purposes. In other words, the ITO film deposited on the backside and sidewall of the sapphire will not only enhance the light extraction but also serve as an electrical connection between the n-GaN layer and the chip backside. After that, the expanded chips were transferred to tape again for removing the photo resist using organic solvent. Finally, single electrode pad GaN-based LEDs (SEPLEDs) with small chip size were successfully fabricated and the schematic structure diagram is shown in figure 1(b) . The chips were then bonded on TO-46 with conductive silver-filled glue and without epoxy encapsulation for electrical and optical measurements.
Results and discussion
A scanning electron microscope (SEM) image of the chip profile is shown in figure 2(a) . Obviously there is only one electrode pad on this device, which is different from conventional lateral GaN-based LEDs (CL-LEDs). The chip 2 ) were also fabricated. Although these two types LEDs have the same chip size, the light emission areas of SEP-LEDs was still larger than those of CL-LEDs due to the reduction of the n-contact pad. A typical current versus voltage (I-V) curve is shown in figure 3(a) . The forward voltages of SEP-LEDs and CL-LEDs at 20 mA current injection are about 3.15 and 3.35 V, respectively. The SEPLEDs present a lower V f than that of CL-LEDs, indicating the lower series resistance and better current spreading properties of SEP-LEDs due to the special n-contact design. The n-contact area of SEP-LEDs not only circularly covered the chip edge but also covered the sidewall with the ITO film. It is much more like a three-dimensional (3D) contact in comparison to the conventional two-dimensional (2D) contact. Figure 3 shows the output power and the wall-plug efficiency versus injection current for these two devices. It is clear that the light output power of the SEP-LEDs is higher than the CL-LEDs. Under 20 mA current injection, it is found that the enhancement of light output power of the SEPLEDs can be raised from 4.3 mW to 6.1 mW and the wallplug efficiency exhibits 66.3% enhancement compared to the CL-LEDs. The results can be ascribed to the lower Intensity Intensity series resistance and the larger light emission area of SEPLEDs. Optical and corresponding electro-luminescence (EL) microscope images (at 20 mA) of these two devices are shown in figures 4(a) and (b). According to the EL intensity images, it is clearly observed that the SEP-LEDs present excellent current spreading characteristics. In contrast, a serious current crowding effect is observed between the shortest distance of the p-and n-contact pads of the CL-LEDs. The current crowding effect will affect device performances such as reduced current injection efficiency, non-uniform lighting area, higher Joule heating, unstable reliability and device lifetime issues. In this study, the ESD resistance properties were measured by an Electro-Tech system simulator model 910. It could provide electrical pulses in the human body model and machine model. The machine model applied reverse pulse voltage from 0 V to −1200 V on these two types of devices. Figures 5(a) and (b) show the I-V characteristics of the SEP-LEDs and the CL-LEDs after a reverse pulse voltage injection. According to these figures, both leakage currents are less than 1 nA at −4 V before the ESD damage test. The curve of CL-LEDs shows a leakage current larger than 1 µA after the −200 V ESD test and a minimum occurred at 0 V after the −400 V ESD test. This minimum of the ohmic-like curve indicates that the p-n junction was short after −400 V reverse pulse voltage damage and the ESD resistance of the CL-LEDs is less than −400 V. Furthermore, the leakage current is, more seriously, accompanied by an increase of reverse pulse voltage. In contrast, it is clear that the SEPLEDs exhibit higher ESD resistance (>−1000 V) than the CL-LEDs due to the uniform current spreading path and the lower series resistance.
Conclusion
In this paper, vertical structure and single electrode pad SEPLEDs with a small chip size (180 × 180 µm 2 ) have been successfully fabricated on a sapphire substrate. There are various advantages in the novel SEP-LED chip, such as more light emitting area, lower series resistance, higher wallplug efficiency, excellent current spreading and higher ESD resistance. This structure and fabricated method is more suitable for small chip size applications.
